Diabetes is increasingly becoming a major cause of large-scale morbidity and mortality. Diabetes-induced oxidative stress alters numerous intracellular signaling pathways. Although testicular dysfunction is a major concern in diabetic men, the mechanistic alterations in the testes that lead to hypogonadism are not yet clear. Oxidative mitochondrial DNA damage, as indicated by 7,8-dihydro-8-oxo-2 0 -deoxyguanosine, and phosphorylation of p53 at ser315 residue (p-p53ser315) increased in a stage-and cell-specific manner in the testes of rats that were diabetic for 1 month (DM1). Prolongation of diabetes for 3 months (DM3) led to an increase in nuclear oxidative DNA damage in conjunction with a decrease in the expression of p-p53ser315. The nuclei of pachytene and preleptotene spermatocytes, steps 1, 11, and 12 spermatids, secondary spermatocytes and the Sertoli cells, and the meiotic figures showed an increase in the expression of p-p53ser315. An increase in the expression of a downstream target of p53 and protein 21 cyclin-dependent kinase interacting protein 1/wild-type p53-activated factor 1 (p21 CIP1/Waf1 ) in both diabetic groups did not show any time-dependent effects but occurred concurrent with an upregulation of p-p53ser315 in DM1 and a downregulation of the protein in DM3. In diabetic groups, the expression of p21 CIP1/Waf1 was mainly cytoplasmic but also perinuclear in pachytene spermatocytes and round spermatids. The cytoplasmic localization of p21 CIP1/Waf1 may be suggestive of an antiapoptotic role for the protein. The perinuclear localization is probably related to the cell cycle arrest meant for DNA damage repair. Diabetes upregulates p21 CIP1/Waf1 signaling in testicular germ cells in association with alteration in p-p53ser315 expression, probably to counteract DNA damage-induced cell death.
Introduction
Diabetes, a group of metabolic disorders characterized by elevated blood glucose levels, 1,2 induces oxidative stress in organ systems. 3 The oxidative stress is responsible for the onset of several secondary effects 4 of diabetes such as vascular diseases, kidney damage, 5 blindness, 6 and reproductive dysfunction. 7 Both diabetic patients and animals commonly experience reproductive system deficiencies such as erectile and testicular dysfunctions. The diabetes-induced oxidative stress mainly orchestrates the onset of the reproductive dysfunction, although the underlying mechanisms of the latter are not yet entirely known. [8] [9] [10] [11] Diabetes induces structural changes in the testis and spermatozoa, germ cell apoptosis, impairment of sperm parameters, and hormonal changes, which results in subfertility or infertility. 8, [12] [13] [14] In men, diabetes imparts negligible adverse effects on conventional sperm tests, but on the other hand, the induced oxidative stress severely damages sperm DNA, 15, 16 which has an effect on the fertility outcome. 9 Further, the increase in DNA damage, in sperm and reproductive tract epithelial cells of diabetic men and animal models correlates with high levels of advanced glycation end products and their receptors. 17, 18 A microarray analysis of spermatozoa collected from diabetic men showed the differential expression of 285 genes. Among them, 21 genes were mainly related to sperm structure and function, DNA replication and repair, transcription, and intracellular signaling. 19 Diabetes induces apoptosis of germ cells in rats in parallel with increases in the expressions of transforming growth factor b1 and interleukin 1b and decreases in that of serine/threonine protein kinases. 20 The diabetesinduced apoptosis is also associated with increases in the expressions of Bcl-2-associated X protein, apoptosis inducing factor, C/EBP homology protein, cleaved-caspase-12, 21 oxidative stress, and protein 38-mitogen activated protein kinase (p38-MAPK). 22 These reports indicate that diabetes-induced oxidative stress increases testicular germ cell apoptosis probably by inhibiting DNA damage repair mechanisms. The DNA damage repair machinery requires cell cycle arrest at G 1 /S and G 2 /M transitions to carry out the repair precisely, failing to which cells with damaged DNA undergo cell death.
The protein 21 cyclin-dependent kinase interacting protein 1/wild-type p53activated factor 1 (p53-p21 CIP1/Waf1 ) signaling pathway is one of the main control mechanisms responsible for the cell cycle arrest meant for DNA damage repair. The tumor suppressor, p53, is necessary for the maintenance of normal cell cycle and to protect the genome from mutations. 23 This protein, which contains 393 amino acids and 7 domains, is involved in DNA damage response and repair, cell cycle arrest, antitumorigenesis, and proapoptotic mechanisms. 24, 25 Upon DNA damage, ataxia telangiectasia mutated (ATM), ataxia telangiectasia mutatedrelated (ATR), and other upstream proteins stabilize p53, mainly by phosphorylation and also by acetylation and sumoylation. The stabilized p53 induces cell cycle arrest needed for DNA damage repair. If the repair does not take place due to the irreparable amount of the damage, then the protein mediates the onset of apoptosis. 24 One of the main cell cycle arrest-related proteins that p53 transactivates is p21 CIP1/Waf1 , which mediates the cell cycle arrest at both G 1 /S and G 2 /M transitions. 26 This protein induces the arrest through a mechanism that involves the inhibition of cyclin-dependent kinases (CDKs), but its dual roles in cell survival and cell death are largely dependent upon its intracellular localization. 27 Although diabetes is known to induce DNA damage and apoptosis in the testis, its effects on cell cycle control mechanisms are not known. In view of this, the present study investigated oxidative DNA damage and p53-p21 CIP1/Waf1 pathway in the testes of diabetic rats.
Materials and Methods

Animals
In the present study, male Sprague-Dawley rats (10-12 weeks old) were used. The animals were the offspring of a breeding colony maintained at The Animal Resources Center at the Kuwait University Faculty of Medicine. The animals were housed (12:12 dark-light cycle; room temperature, 22 C-24 C; and humidity, 50%-60%) in polypropylene cages (2-3 animals/cage) with sawdust bedding. The rats had free access to chow and tap water. All guidelines, stipulated by the University (Animal Ethics and Welfare Committee) as well as competent International Organizations for conducting animal experiments, were strictly followed.
Chemicals
The chemicals and reagents used in this study were of analytical grade as indicated in the following sections, wherever necessary.
Induction of Diabetes in Rats by Streptozotocin Injection
The animals were housed and acclimatized for a week in a separate room at The Animal Resources Center. Before the induction of diabetes, the animals were randomly divided into 3 groups (N ¼ 6), and blood glucose level was measured (Accu-Check, Roche; measurement range, 10-600 mg/dL) to ensure that they were normoglycemic. Group 1 was given only citrate buffer (0.5 mL), which served as a control group. Each animal in groups 2 and 3 was given a single intraperitoneal injection of 55 mg/kg sreptozotocin mixed in 0.5 mL 0.1 mol/L citrate buffer (pH 4.5). The glucose level was measured after 2 days following the injection to confirm the persistent hyperglycemia in rats belonging to groups 2 and 3. Then onward, every week, the glucose level was measured to ascertain sustained hyperglycemia. The animals, which showed the glucose level >300 mg/dL, were considered diabetic and included in the study. 12 The diabetic animals were killed at the end of first month (DM1) and third month (DM3) following the confirmation of hyperglycemia.
Tissue Collection and Paraffin Embedding
The animals were anesthetized and sacrificed by CO 2 inhalation. Laparotomy was conducted by a plus-mark incision on the ventral abdominal wall and the reproductive organs were dissected out and placed in phosphate-buffered saline (PBS, pH 7.4). The testis was isolated from the epididymis, and the 2 ends of the organ were punctured with 24G needle and immersed in Bouin fluid for 18 hours. The organ was diced into small blocks and processed for paraffin embedding. 28 
Evaluation of Oxidative DNA Damage
The oxidative DNA damage was evaluated by immunohistochemical localization of 7,8-dihydro-8-oxo-2 0 -deoxyguanosine (8-oxo-dG) as described previously. 29 Paraffin sections of 5-mm thick were dewaxed in xylene and taken to water through graded concentrations of ethanol. The sections were sequentially treated with 3% H 2 O 2 , 200 mL of proteinase K dissolved in PBS, RNase A, and 2 N HCl and 1 mol/L Tris-base, with PBS washes in between the treatments. The sections were covered with 10% goat serum followed by mouse monoclonal primary antibody for 8-oxo-dG (in PBS þ 0.1% bovine serum albumin; 1:750 dilution; Cat#4354-mc-050; Trevigen Helgerman Ct., Gaithersburg). After 3 PBS washes, the sections were covered sequentially with the goat antimouse secondary antibody, horseradish peroxidase conjugate, and diaminobenzidine substrate. The nuclei of testicular cells were counterstained with Mayer hematoxylin, and the sections were dehydrated with graded concentrations of ethanol, cleared in xylene, and covered with coverslips. Appropriate positive and negative controls were maintained. The tissue sections were observed under light microscope and graded for the intensity of positive labeling. Qualitative assessment of the intensity of the expression of 8-oxo-dG was done by assigning grades, ''À'' for the lack of expression (no sample showed this result), ''þ'' for the mild expression, and ''þþ'' for the moderate expression. Appropriate representative photomicrographs were captured and processed in Adobe Photoshop software.
Western Blotting for Phosphorylated p53 at ser315 Residue and p21 CIP1/Waf1
The testis tissue was homogenized in the homogenization buffer (10 mmol/L Tris þ 1.5 mmol/L EDTA þ 10% v/v glycerol þ 1.0 mmol/L dithiothreitol þ 1 mg/mL leupeptin þ 100 mg/mL þ bacitracin þ 2 mg/mL aprotinin þ 1 mg/mL pepstain A, pH 7.4) and the protein concentration in the homogenate was quantified by the Bradford assay as described earlier. 30 An appropriate amount of the homogenate containing 45 mg of proteins was adjusted to a volume of 20 mL by adding distilled H 2 O and mixed with an equal amount of loading buffer. The mixture was boiled for 3 minutes and centrifuged at 10 000g for 1 minute. The 4% to 12% gradient gels (sodium dodecyl sulfate [SDS] polyacrylamide gel electrophoresis; Invitrogen, Life Technologies) were set in Tris-hydroxyethyl piperazineethanesulfonic acid-SDS running buffer and the protein was loaded into each well. The proteins were electrophoresed (250 V), the gel cassette was removed, and the proteins were transferred to polyvinylidene difluoride membrane (Bio Rad Laboratories, Hercules; pH, 8.3) for 2 hours. The membrane was removed and blocked in 5% nonfat milk in 1 Â Trisbuffered saline for an hour. The primary antibodies for phosphorylated-p53 at ser315 residue (p-p53ser315; rabbit polyclonal, 1:100; Abcam, Cambridge; cat# ab1647) and p21 CIP1/Waf1 (1:100; mouse-monoclonal, Abcam; cat# ab80633) were filled in a plastic pouch along with the membranes and kept on a shaker overnight at 4 C. The structural protein, b-actin (mouse-monoclonal; Sigma Chemicals), was used as a loading control. The membranes were washed thrice with Tris-buffered saline and incubated for 1 to 2 hours with diluted secondary antibodies (mixed in blocking solution; 1:500) at room temperature. The membranes were removed and washed twice with Tris-buffered saline-Tween 20 (10 minutes each) and again thrice with Tris-buffered saline (10 minutes each). The membrane was covered with luminol reagent (Santa Cruz Biotechnology) and exposed to a photographic film for 2 minutes (Hyperfilm ECL, Invitrogen, Life Technologies). The film was developed and scanned for the density of the bands in a GS-800 Calibrated Densitometer (Quantity One 4.6.3, Bio-Rad Laboratories, Hercules). For phosphorylated p53 (p-p53), the line width was 2.9 and the sensitivity was 37.975; for p21 CIP1/Waf1 , the line width was 2.985 and sensitivity was 37.975). The band values of the proteins were divided by corresponding b-actin values.
Immunohistochemistry for p-p53ser315 and p21 CIP1/Waf1
The immunohistochemistry for p-p53 and p21 CIP1/Waf1 was conducted according to the procedure described earlier for 8oxo-dG immunohistochemistry; however, the steps involving treatment with proteinase K, RNase A, HCl, and Tris-base were avoided. The primary antibodies for the proteins (same as in Western blotting) were diluted 1:50 in diluent (Dako antibody diluent, Dako Agilent Technologies; cat# S3022), and broad-spectrum secondary antibodies (Histostain plus broad spectrum, Invitrogen, Life Technologies; cat# 858943) were used. The sections were viewed under a light microscope and stage-dependent protein expression was evaluated in seminiferous tubules. The epithelial stages were classified into 4 groups, as some stages showed very similar expressions of the proteins. The 4 groups of the seminiferous epithelial stages were I to VI, VII to IX, X to XIII, and XIV. The intensity of the protein expressions was graded as ''À'' for the lack of protein expression, ''þ'' for the mild expression, ''þþ'' for the moderate expression, ''þþþ'' for the intense expression, ''þþþþ'' for the more-intense expression, and ''þþþþþ'' for the highly intense expression. Representative photomicrographs were taken and processed in Adobe Photoshop software.
Statistical Analysis
The data were analyzed for statistical significance using SPSS software version 17. Each value was expressed as mean + standard deviation and compared by Mann Whitney U test and Kruskal Wallis test. The P value <.05 was considered significant.
Results
Diabetes Induces Oxidative DNA Damage in Germ Cells
Although the objective of the present study was to investigate p-p53ser315 and p21 CIP1/Waf1 signaling, first, the oxidative DNA damage was investigated by immunohistochemical labeling of 8-oxo-dG. In control rat testes, a very few cells showed the expression of the abnormal base, 8-oxo-dG (grade, þ), suggesting some amount of oxidative DNA damage even in normal animals. In DM1 and DM3 groups, the intensity of 8-oxo-dG labeling was significantly increased (grade, þþ). In DM1 group, the abnormal base was mainly localized in the cytoplasm of germ cells, but few nuclei also showed the expression of the oxidized base. In DM3 group, the localization was mainly in the nuclei of the germ cells, but few cells also showed cytoplasmic expression ( Figure 1 ). The qualitative assessment of DNA damage in DM1 and DM3 groups (grade, þþ), which was more than that in the control group, is in consensus with earlier studies indicating increased DNA damage in diabetic rat testis. 16, 31, 32 
Diabetes Increases the Expression of p-p53 in DM1 but Decreases in DM3
Western blotting results showed the detection of p-p53ser315 at 63 kDa level (Figure 2A ). The testes of normal control rats also showed the expression of p-p53. However, the expression significantly increased in DM1 group when compared to the control group (P < .05; Figure 2B ). On the other hand, the expression of p-p53 showed a significant decrease in DM3 group when compared to the control and DM1 groups (P < .05; Figure 2B ).
The p-p53 Expression in Testicular Cells is Stage dependent
As diabetes quantitatively affected the p-p53ser315 levels in the testes, we further investigated the seminiferous epithelial stage-dependent expression of the protein. The immunohistochemistry showed nuclear localization in the germ cells ( Figure 3 ). Table 1 shows qualitative analysis of p-p53ser315 labeling in different types of germ cells. In the testes of control rats, pachytene spermatocytes and step 1 round spermatids in stages I to VI tubules and preleptotene spermatocytes in stages VII to IX tubules showed mild to moderate protein expression. The zygotene and pachytene spermatocytes, step 12 spermatids, and the Sertoli cells in stages X to XIII tubules showed mild expression of the protein. In stage XIV tubules, no germ cells showed the expression of p-p53 (Table 1 ). In DM1 group, the pachytene spermatocytes showed moderate but step 1 round spermatids showed mild expression of the protein.
In stages VII-IX tubules, preleptotene spermatocytes and the Sertoli cells showed intense and moderate p-p53 expression, respectively. In stages X to XIII tubules, the leptotene spermatocytes, step 11 spermatids, and the Sertoli cells showed intense protein expression, whereas the pachytene spermatocytes showed mild expression. In stage XIV tubules, the meiotic figures and secondary spermatocytes showed intense protein expression, whereas the pachytene spermatocytes showed mild expression ( Figure 3 ; Table 1 ). In DM3 group, mild expression was observed in pachytene spermatocytes in stages I to VI tubules and leptotene and pachytene spermatocytes in stages X to XIII tubules; the other tubular stages did not show the protein expression ( Figure 3 ; Table 1 ).
Diabetes Upregulates the Expression of p21 CIP1/Waf1 in Testicular Cells
As the p-p53ser315 expression was upregulated in DM1 and downregulated in DM3, we further investigated the expression of one of its main downstream targets, the cell cycle arrest inducer-p21 CIP1/Waf1 . Western blotting for this protein showed a single band at 19 kDa level ( Figure 4A) . In contrast to p-p53ser315 expression, the levels of p21 CIP1/Waf1 were significantly upregulated in both diabetic groups (P < .05; Figure  4B ). The protein expression did not show any time-dependent effects, although a marginal nonsignificant increase was observed in DM3 when compared to DM1 ( Figure 4B ).
The p21 CIP1/Waf1 is Mainly Expressed in Cytoplasm of Testicular Cells in Diabetic Rats
The protein was mainly localized in the cytoplasm and also in perinuclear regions of germ cells in a stage-dependent manner ( Figure 5 ). Table 2 indicates the qualitative analysis of the protein expression. In control rat testes, the step 1 round spermatids in stages I to VI tubules and step 7 round spermatids in stages VII to IX tubules showed mild expression of the protein. In stages X to XIII tubules, the pachytene spermatocytes showed mild but step 10 spermatids showed intense expression of the protein. In stage XIV tubules, some meiotic figures showed mild labeling for the protein ( Figure 5 ; Table  2 ). In DM1 group, in all but the stage XIV tubules some pachytene spermatocytes showed mild expression of the protein. In stages I to VI tubules, the step 1 round spermatids, and in stages VII to IX tubules, the step 7 round spermatids, showed intense expression of the protein. The step 10 spermatids in stages X to XIII tubules showed moderate expression of the protein. In stage XIV tubules, the meiotic figures and secondary spermatocytes showed intense nuclear expression of the protein ( Figure 5 ; Table 2 ). The pachytene spermatocytes and step 1 round spermatids in stages I to VI tubules of rats in DM3 group showed an intense expression of the protein. Further, the pachytene spermatocytes and step 7 round spermatids in stages VII to IX tubules showed more-intense labeling for the protein. Similarly, the stages X to XIII tubules also showed more intense nuclear, perinuclear, and cytoplasmic expression in pachytene spermatocytes, and highly intense perinuclear and cytoplasmic expression in step 10 spermatids. In stage XIV tubules, the meiotic figures and the cytoplasm of dividing cells and step 14 spermatids showed intense expression of the protein ( Figure 5 ; Table 2 ).
Discussion
The main findings of this study are diabetes-induced oxidative DNA damage and alterations in the expressions of p-p53 and p21 CIP1/Waf1 in the testis. Diabetes induces seminiferous tubular atrophy, oxidative stress, and mitochondrial dysfunction. 33, 34 It also causes germ cell apoptosis, 35 decrease in sperm count and motility, 20 and modulations in numerous intracellular signaling pathways that are responsible for maintaining normal cell functions. 14, 21, 22 Diabetes also induces DNA damage 36 and the formation of advanced glycation end products and their receptors. 18, 37 These adverse effects of diabetes may have significance as regards to the fertility outcome. 9 In our study, we showed an increase in mitochondrial oxidative DNA damage in DM1 and predominantly nuclear oxidative DNA damage in DM3. The decrease in mitochondrial oxidative DNA damage in DM3. might be suggestive of its repair, and the persistent nuclear oxidative DNA damage in this group might be due to the lack of repair, although this assumption has to be investigated further. The oxidized base, 8-oxo-dG, is a reliable marker for DNA damage, which actually is formed due to the formation of free radicals in cells. As diabetes is known to induce oxidative stress in the testis, 13 the base oxidation seen in our study can be attributed to it, and our results are in agreement with that of a recent study. 31 However, our results provide a new insight, that is, during early period of diabetes, mitochondrial DNA is affected by the free radicals, which logically should, as the DNA is located near the site of free radical formation in mitochondria. At a later stage, the free radicals attack nuclear DNA, which appears not to be repaired or to suffer impaired repair process.
Our results indicate that the phosphorylation of p53 at ser315 was induced during early period (in DM1) but not during a prolonged period (in DM3) of diabetes. The increase in the p-p53ser315 expression and its nuclear localization suggest that the DNA damage was responsible for the activation of the protein. 38 However, the decrease in the p-p53 expression seen in DM3 is difficult to interpret, as it is not in congruity with either the increase in DNA damage or p21 CIP1/Waf1 expression. Upon DNA damage or receiving other forms of stress, p53 is phosphorylated at one or more than one residues (7 serines and 2 threonines on the N-terminal, and 2 serines on the C-terminal), including the one at ser315. 24 The phosphorylation at ser315 occurs following DNA damage. 39 Our finding that the increase in DNA damage along with the concomitant increase in p-p53ser315 in DM1 indicates that the protein is stabilized in response to diabetes-induced DNA damage. However, it is not clear why p-p53ser315 levels were significantly decreased in DM3 when compared to both control and groups, despite the increased oxidative DNA damage. It may be that due to prolonged period of hyperglycemia, the dephosphorylation of the protein at its ser315 residue took place, as seen in humans by a protein called hCdc14, 40 or the new synthesis of the protein itself was probably inhibited. The other possibility for the decrease in p-p53ser315 in our study might reside in Aurora kinase A signaling. This kinase phosphorylates p53 at ser315 residue, which is meant for Mdm2-mediated degradation of the protein in the proteosome. 41 Hence, the decrease in p-p53ser315 expression in DM3 group may have some relationship with the increase in Aurora kinase A signaling in the diabetic rat testes. However, these assumptions have to be investigated further. Moreover, at present, it is also unknown whether or not hyperglycemia causes posttranslational modifications such as acetylation, phosphorylation, and sumoylation at other residues in p53.
In this study, we also found an increase in the expression of p21 CIP1/Waf1 in a stage-dependent manner in the testis, and the expression was predominantly cytoplasmic. The phosphorylation of p21 CIP1/Waf1 by protein kinase B (AKT) and extracellular-signal-regulated kinase results in cytoplasmic translocation of the stabilized protein, and by this mechanism the protein imparts its antiapoptotic function. 27, 42 The nuclear localization of the protein happens in response to DNA damage, which results in the cell cycle arrest at G 1 /S and G 2 /S transitions. 26, 43 Hence, the perinuclear expression of the protein seen in our study was probably due to DNA damage. The p21 CIP1/Waf1 protein manages the cell cycle arrest by many modulations of numerous intracellular events, but mainly by inhibiting cyclin/CDK interactions, downregulating proliferating cell nuclear antigen functions and retinoblastoma protein activities. 44 The p21 CIP1/Waf1 protein is the key downstream target of p53 pathway meant to induce the cell cycle arrest. 38 The protein is stabilized by the phorphorylation at various serine/threonine residues by up-stream proteins such as c-Jun N-terminal kinases, p38-MAPKs, and AKT. 27, 45 The expression of p21 CIP1/Waf1 in control rat testicular cells implies some degree of DNA damage and, therefore, the 6) . The protein was localized predominantly in cytoplasm, but also in perinuclear regions of testicular cells. Negative or equivocal labeling was graded as ''À,'' mild labeling as ''þ,'' moderate labeling as ''þþ,'' intense labeling as ''þþþ,'' more intense labeling as ''þþþþ,'' and highly intense labeling as ''þþþþþ.'' antiapoptotic function of the protein, as the testes of normal animals also show a small number of apoptotic cells. 30 In the diabetic rats, the expression of the protein in pachytene spermatocytes (in stages X-XIII in control, and in all except in XIV stages, in DM1 and DM3) was increased, especially in DM3, which suggested mainly antiapoptotic (cytoplasmic expression) and also the cell cycle arrest (perinuclear expression) related roles for the protein. In DM3, however, the pachytene spermatocytes, round spermatids (steps 1, 7, and 10), and in step 14 elongating spermatids showed much higher intensity of expression of the protein in both cytoplasm and perinuclear regions than that did in DM1. Moreover, the meiotic figures and secondary spermatocytes (these cells are rarely visible) showed both nuclear and cytoplasmic expressions of the protein indicating their susceptibility for the oxidative DNA damage stimulated apoptosis. These results indicate that the oxidative DNA damage was more in DM3 as indicated by the increased 8-oxo-dG expression than that in DM1. The augmented cytoplasmic expression may be due to an increased need for antiapoptotic stimuli in testicular cells to prevent the latter from entering into apoptosis due to DNA damage. However, diabetes is known to induce apoptosis of germ cells in the testes, 22, 31, 35 but our findings indicate an antiapoptotic role for p21 CIP1/Waf1 due to its predominant cytoplasmic localization. These disparate findings might be due to 2 possible mechanisms: first, there may be some other stronger proapoptotic signals than the antiapoptotic influence of p21 CIP1/Waf1 , which overpowers the latter; and, second, the studies that reported the apoptosis have drawn their conclusions largely based on terminal deoxynucleotidyl transferase dUTP nick end labeling assay results. The latter assay labels DNA double-strand breaks presenting 3 0 OH ends, which are commonly seen in both apoptosis and necrosis 46, 47 ; therefore, the cell death observed in the testes of diabetic animals need not be apoptosis.
Although the colocalization of the proteins was not done, both the proteins showed their expression in primary spermatocytes but not in round or elongating spermatids (Tables 1  and 2 ). Moreover, the intensity of their expressions also did not match with each other. These observations indicate that the expression of p21 CIP1/Waf1 in diploid primary spermatocytes has some correlation with p-p53ser315 expression in the same cells, especially in DM1. The haploid spermatids do not show any relationship between p21 CIP1/Waf1 and p-p53ser315 expressions indicating the possible existence of a p-p53ser315-independent mechanism in these cells to upregulate p21 CIP1/Waf1 . The p21 CIP1/Waf1 protein can be upregulated in a p53-independent manner, 48 which may also be the reason for the lack of p-p53ser315 expression in DM3 group, but upregulated p21 CIP1/Waf1 expression in the same group. In addition, the decrease in p-p53ser315 in DM3, in contrast to the increase in p21 CIP1/Waf1 , may also be due to negative regulation of p53 by p21 CIP1/Waf1 . 49 In other words, the highly intense p21 CIP1/Waf1 expression in round spermatids led to downregulation of p-p53ser315. In conclusion, our results indicate that hyperglycemia-induced DNA damage upregulates the p21 CIP1/Waf1 expression mainly in primary spermatocytes and round spermatids. This expression is seen in parallel with the nuclear expression of p-p53ser315 after the short period of hyperglycemia. The increase in p21 CIP1/ Waf1 in the testes after the long period of hyperglycemia is seen concurrently with the decrease in p-p53ser315 expression. Moreover, it appears that p21 CIP1/Waf1 has dual roles in cell cycle arrest and antiapoptotic stimulus in the testicular germ cells of diabetic rats.
